Scoria deposit can be found around many volcanoes of the Quarternary epoch in the world. In Japan, Mount Fuji is one of volcanoes, where surface area is widely layered by scoria. From a geotechnical engineering point of view, scoria has many problems because of its physical characteristics by means of its collapsible properties. Since scoria is a noncohesive material, it is vulnerable to water-induced change and fails easily due to rainfall or snow melting. These are the primary causes of debris ‰ow which frequently occurs in the Mount Fuji area. Typically, this type of debris ‰ow is called``Yukishiro'' in Japanese. For better understanding of the shear behavior of scoria within low stress level condition, drained triaxial compression tests were performed on loose dry scoria under low conˆning pressures (10-80 kPa) which are assumed as representative of theˆeld surface stress conditions. The eŠects of grain size, dry density rd and eŠective conˆning stress s? c upon stress-strain behaviour and angle of internal friction qd were investigated. Attention was also paid to level of grain breakage Bg and reproducibility of the test. Grain breakage investigations were carried out on the particle breakage phenomenon, which occurs during testing. Additionally, initial Young's modulus of scoria was identiˆed. As a result, reproducibility of the test is good in terms of stress-strain curves, however volumetric strain versus axial strain exhibits less reproducibility than stress-strain curves. At stress level of 10-80 kPa, it was found that the dependency of qd on s? c is almost negligible, while there is noticeable dependency of qd on grain size. The eŠect of grain size on stress-strain relationships was observed. It was also found that grain breakage was noticed at stress level of 10¿80 kPa, which describes the dependency scoria parameters on conˆning stress and the eŠect of grain size upon Bg-s? c relationships was also observed.
INTRODUCTION
Behind its beauty and popularity, Fuji is a mountain of many geological hazards, including volcanic activity and slope failure, i.e.: debris ‰ow, avalanches, rock fall etc. Many researchers predict a new eruption may spew lava, debris and ash over hundreds of square miles threatening nearby villages, cutting oŠ electricity and water supplies, and disrupting road, rail and air travel. Debris ‰ow is one of the natural hazard phenomena that frequently occur in Mount Fuji area. Typically, this type of debris ‰ow is known as``Yukishiro'' in Japanese. This slope deformation can be classiˆed to a rapid mass movement in which loose mass (scoria) combine with air, and water to form slurry that then ‰ows down slope, usually associated with steep slope. Recently, Yukishiro attracted wide public attention due to its disaster which aŠected quite a large area near to the Five Step, an entrance place to climb Mount Fuji from Yamanashi Prefecture side. Photo 1 shows the damage caused by Yukishiro occurred on 5th December 2004.
The area aŠected by the Yukishiro is mostly underlain by scoria (on the top surface). This scoria is grouped intò`Y ounger Fuji Tephra'' which is composed of scores of dark brownish scoriaceous tephras, reaching several meters in thickness in the Fuji area (Tsuya et al., 1988) . Outcrops around the debris area expose mostly a thick and thin pile layers of scoria and air-fall ash.
The key factors in devising approaches to soil erosion and slope stability evaluation are measurement and characterization of the mechanical and structural properties of soil. Drained triaxial compression test is a common method to measure the mechanical properties of soil. This test is typically used for stability analyses of granular soils, which drainage conditions or path followed in the triaxial test are models of speciˆc critical design situations required for the analysis of stability analyses in engineering practices.
The physical properties of scoria are characterized by the peculiar shape and surface texture of grain, high degree of particle breakage, granular, cohesionless, and full of vesicles. These physical properties cause an area with top surface covered by scoria prone to collapse easily even though there is a small amount of increase in exter- nal load or reduction in the eŠective mean stress. Field conditions show that scoria lies at the top surface with dry and loose state so that the element test at laboratory at dry condition at low stresses considered represent real conditions to measure its mechanical properties. In order to characterize the shear behaviour of scoria within low stress level condition, drained triaxial compression tests were performed on dry scoria under low conˆning pressures (10-80 kPa) which are assumed as the representative of theˆeld surface stress conditions. DiŠerent from the normal sand, scoria is quite di‹cult to perform in triaxial test under saturated condition, because of its physical properties. The authors assume that there are no signiˆcant diŠerences between air-dry and saturated samples of scoria in strength and deformation characteristics in triaxial compression at low stress conditions. Tatsuoka et al. (1986b) found that the diŠerences in the deformation and strength characteristics of Toyoura were very small or negligible between air-dry and saturated samples in triaxial compression. Therefore, in this study, the tests were held under dry condition with refers to drained triaxial compression tests. The eŠects of grain size and conˆning pressure upon stress-strain behaviour to angle of internal friction and dilatancy are investigated.
A comprehensive study of stress-strain and strength properties of scoria has not been studied adequately, especially at low conˆning stress conditions. The aim of this study is to characterize the fundamental scoria parameters, including its angle of internal friction, and dilatancy angle whose parameters are then basically required for use in the modelling of scoria behaviour, i.e slope stability evaluation and to predict how the scoria material will behave in a larger-scale engineering application. Moreover, the authors have stressed noticeable particle breakage of scoria which depends on stress level, maximum grain size and aŠect the grain size distribution. Kusakabe et al. (1991) investigated the deformation characteristic of scoria in triaxial compression tests at range of 20¿4700 kPa of conˆning stress. They reported that undisturbed scoria taken from 20¿27 m below ground surface was highly compacted with relative density of more than 100z and has apparent cohesion of about 100 kPa. They also found that the behaviour of scoria changes from a dilatant brittle material to a plastic material in 700¿1500 kPa of conˆning pressure range, exhibiting volume reduction with particle crushing. Fukushima and Tatsuoka (1984) performed a series of drained triaxial compression tests at low pressures on Toyoura sand. They found that the angle of internal friction q of saturated Toyoura sand does not change so much with the change of the minor principal stress s? 3 when s? 3 is lower than around 50 kPa. Tatsuoka et al. (1986a) performed plain strain compression tests on Toyoura sand at extremely low pressures and reported that the dependency of q on s? 3 is very small in plain strain compression for a stress range of s? 3 ＝5¿50 kPa.
EXPERIMENTAL METHOD

Test Apparatus
A conventional triaxial compression test apparatus has been modiˆed in our laboratory. The apparatus has been designed to test specimens with the initial dimensions h0 (height)＝200 mm and d0 (diameter)＝100 mm. The test is referred to as vacuum test because the conˆning pressure is applied by partial evacuation of the air inside the dry specimen. Figure 1 shows the schematic diagram of the test apparatus used in this study.
Testing Procedure
The principle of operation of the triaxial test in this study is as follows: After placing a forming mold over the pedestal in the triaxial apparatus, and pulling the membrane through the mould, the membrane is rolled out over the top of the forming mold, and vacuum pressure is applied in order to tighten the membrane to the forming mold and to eliminate wrinkles on the membrane. At the end of the air lines, aˆlter paper is constructed to be ‰ush with the inside of the specimen, so that scoria will not enter the line and plug it. Pluviation of the sample is then carried out with cer- tain height of pluviation to obtain the desired range of dry density of the specimen. A thin steel ‰at is used to ensure the top of the specimen is ‰at and smooth, moving down the top capˆrmly and pulling the membrane up around it then the membrane isˆxed to the top cap. By applying the desired vacuum conˆnement to the specimen using the regulator and vacuum gauge, the external atmospheric pressure acts upon the specimen and make it stiŠ. The split mold is removed carefully and the dimensions of the sample are measured.
To measure the local axial and lateral strain, a pair of Local Deformation Transducer, LDT (Goto et al., 1991) and three clip gauges (Tatsuoka et al., 1994) are set up on the specimen. After setting up the LDTs and clip gauges, the triaxial apparatus is placed into the loading machine and carefully centered. The piston is moved downwards until it is in contact with the upper plate which is connected rigidly to the load cell and top cap. The conˆning pressure s? c was due partial air evacuation of the latex membrane, using a vacuum pump connected to the bottom pedestal and the top cap of the specimen. After about 2 hours of isotropic consolidation under conˆning pressure of 10¿80 kPa, a series of triaxial compression was carried out under drained conditions. Specimen is loaded additionally by a compressive stress q by moving the loading piston downwards at aˆxed displacement rate with an axial strain rate of 0.17z/min. mainly, with the conˆn-ing pressure held constant. Another two diŠerences of axial strain rate, 0.50 and 0.80z/min, were performed to investigate the eŠect of strain rate upon stress-strain behavoiur of scoria. All values of stresses and strains were automatically recorded by computer.
Measurement Devices
The initial dry density of scoria is given by:
In which ms, d0 and h0 are weight of dry scoria, initial diameter and initial height of the specimen, respectively. The measurements of the initial dimension of the specimens were held at 10 kPa of vacuum applied. A load cell was connected rigidly to the rod which was further connected to the loading piston. Its capacity is 5000 N to an accuracy of ±0.5 N. The applied partial vacuum acts as eŠective conˆning pressure s? c or eŠective minor principle stress s? 3 during the triaxial compression test, with an accuracy of s? 3 ＝±0.5 kPa. Stress and strain parameters are deˆned as positive when representing a compressive state, in this paper. Before any barreling of the specimen occurs, the principal stresses are assumed uniform inside the scoria specimen and have the following expressions:
where s? 1 is the eŠective major principle stress, s? 3 is the eŠective minor principle stress and q is the deviatoric stress. And the principle minor stress was calculated as:
where, sVC is the vacuum conˆnement and Dsm is the stress correction for the forces working in the membrane. The stress correction was made by using the following equation (Henkel and Gilbert, 1952) :
The measurement results show that the latex membrane used in the present tests has Young's modulus average of E m ＝1285 kPa. In the initial state, the diameter d and thickness t of the membrane is 97.00 mm and 0.2 mm, respectively. The lateral strain of the specimens were measured directly by three clips that are mounted, which contact the sample in the upper, middle, and the lower parts, respectively (Tatsuoka et al., 1994) . These bronze clips are equipped with electric strain gauges, that are called``clip gauges''. An increase in the sample diameter causes a change of curvature of the clip gauges, which results in local radial strain being measured. The lateral strain is the average of those measured using the three clip gauges. Since only up to about 4z of lateral strain can be measured by the clip gauges, the radial strain calculation should be done for all the tests where the clips were removed immediately before it reaches 4z of lateral strain.
The results are evaluated following the Rowe's stressdilatancy theory as follows:
where R is the stress ratio, dev is the volumetric strain increment, de1 is the major principal strain increment and K ＝tan 2 (45＋qf/2), in which qf is angle of internal friction at failure. And the volumetric strain increment is expressed as:
where de3 is the minor principal strain increment. By substituting Eq. (6) into Eq. (5) one can obtain 
The calculation of the rate of dilatancy (2de 3 /de 1 ) is derived from major and minor principle compressive strain data as a function of elapsed time t, e3(t) and e1(t). To limit scatter on (de3/de1), primarily e3 and e1 arê ltered by averaged over the 0.085z axial strain (60 data points, where each test comprises about 4000 data points before the clip gauges unmounted from the specimen). Figure 2 shows the plot of the major principle compressive strain e1 and the minor principle compressive strain e3 at each time step. The number ofˆltering points was chosen, 0.085z axial strain in this paper, so that the shapes of initial data are respected andˆltered. The (de3 /de1) obtained then plotted against stress ratio R. After that, K is directly derived from this plot as the parameter of the linearˆt between R and the dilatancy rate (-2de3 /de 1 ).
K obtained from this method is then used for the calculation of the minor principle strain increment de3 where the data is blank since the clip gauges are removed from the specimen. From Eq. (7) de3 right after clip gauges are removed, say at i th reading, is calculated as:
This value of de3 at i th reading then is used for the calculation of diameter A of specimen and major principle stress s? 1 at i th reading. And repeated calculation is done for the next readings so that the values of ev and s? 1 are obtained until the last value where the test is terminated.
One may pay attention to the fact that volumetric strains are measured more directly in the triaxial testing of normal sands, for example, by ensuring that samples are saturated with water prior to testing, and by accurately recording in‰ow and out‰ow of pore water during a test. In the current case, it is di‹cult to achieve the saturated condition for scoria sample, because of its physical properties i.e. scoria is full of bubble holes make air trapped on it which is di‹cult to escape when scoria is subjected into saturated condition. Instead, a partial vacuum was applied to follow the direct approach on element test on the scoria on dry condition.
LDT, a simple gauge developed by Goto et al. (1991) was used for measuring the axial strain locally. LDT consists of a thin plate of phosphor bronze on both sides where a strain gauge is glued. A pair of LDTs was set up around the sample so that the average of local strain over the central part of the sample could be measured. Photo 2 shows the set up of the clip gauges and the LDTs on triaxial specimen.
Sample Preparation
The scoria used in this study was obtained from the north ‰ank of Mount Fuji, Yamanashi Prefecture. Four series of grain size distributions of scoria used in this study are shown in Fig. 3 Particles above 19.5 mm in diameter were removed from the original scoria obtained from the source to keep the ratio of the specimen diameter (100 mm) to the maximum particle aboveˆve. Particles above 9.5, 4.5 and 2 mm in maximum particle size of this original scoria have also been cut in order to investigate the strength and deformation characteristics of scoria in various maximum particle sizes. The types of particle size distributions were chosen to keep the original particle size distribution of theˆeld. Mainly, grains consisted of angular fragments with the solid density scoria rs ＝2.72 g/cm 3 . The samples were prepared by air pluviation. A pluviation apparatus was set up so that during the particles falling into mould, the scoria container was moved upwards to keep the drop height between the container and the mould constant. Densiˆcation of the samples was accomplished by increasing the pluviation height. The samples used in the tests were divided into 4 series of diŠerent grain size and each series was divided into two diŠerent ranges of densities. The details are shown in Table 1 .
TEST RESULTS AND DISCUSSION
The reproducibility of the test isˆrstly investigated followed by the stress-strain behaviour. The tests have been conducted to explore the eŠect of strain rate, scoria grain size, initial density and eŠective conˆning stress upon the angle of internal friction, Young's modulus and stressdilatancy response. Finally grain breakage of scoria particle was also investigated. Table 1 shows the resume of the lists and also highlights some results from the tests.
Reproducibility of the Tests
In the present tests, reproducibility was also studied by performing tests under the same initial density and the same conˆning stress. For each test, repeated tests were carried out in the present study. If a large deviation is observed then a further test is conducted. Figure 4 shows three repeated tests on dry-loose scoria for Dmax＝19.00 and 4.75 mm. It can be seen that the reproducibility of the test is good in terms of stress-strain curve, contrarily to volumetric strain which is less reproducible. These results are typical of those obtained for loose sample of sand. Further, evaluating volumetric strain from local sample diameters add to the scatter, especially where the deviator stress is reaching its ultimate value, make the result of volumetric strain evolution vary from test to test.
To investigate the eŠect of strain rate on stress-strain relationships, triaxial compression test on scoria has also preformed at 3 diŠerences of axial strain rate. Based on the results shown in Fig. 5 , it can be considered that the stress-strain relations are not aŠected by strain rate for strain rate of 0.17, 0.50 and 0.80z/min.
Stress and Strain Relations
In the evaluation of deformation behaviour of soil specimen in triaxial test, it is important to investigate the source of error involved in external axial strain, such as the bedding error of the top and bottom of the specimen. A pair of LDT s was set up on the specimen, so that the internal axial strain can be measured and the overall bedding error at the top and bottom of specimen can be estimated. However, stress strain plot results of scoria in this study show that there is no signiˆcant diŠerence between internal and external axial measurement. Figure 6 shows the results of four typical tests of those performed in the present study, showing stress-strain relationship of scoria at 20 kPa of stress level, both externally and locally measured axial strain. It may be seen from Fig. 6 , that there is almost no signiˆcant diŠerence in the stress strain relationship between the internal and external measurement. A large degree of divergence of internal and axial strain was not observed in all data. They exhibit the same manner as shown by Fig. 6 , that is to explain the overall bedding error at the top and the bottom of the specimens is very small and negligible. Figures 7 through 10 show the relationships between stress ratio s? 1/s? 3, axial strain e1 and volumetric strain ev of all series of drained triaxial compression tests on samples having similar densities. Stresses have been plotted by normalizing the eŠective principle stress ratio s? 1 /s? 3 and axial strains are plotted up to 16z. On all stressstrain data plot, hardening behaviour with peak stress was observed. When considering the evolution of volumetric strain versus axial strain, an initial compressive stage was observed, followed by gradual dilatation of the specimen. The following trends of behaviour may be seen from theˆgures:
The eŠect of the direction of applied major principal stress on the stress-strain behaviour is dependent on the conˆning stress, as can be conˆrmed from the Figs. 7¿10. The behaviour of volumetric strain curves corresponds, well to that of stress ratio-axial strain curves. That is, the stress ratio becomes larger, the larger the volume change due to dilatancy is. Concerning the deformation characteristics, it may be seen from theseˆgures that for all series, dense or loose, the slope d(s? 1/s? 3)/de1 at a same stress ratio level decreases with the increase in s? c before peak condition, while the peak stress ratio remains relatively independent on the eŠective conˆning stress s? c and initial density rd. The axial strain e1 at maximum stress ratio increase with the increase in s? c, especially at s? c ≧20 kPa. After the maximum is passed, the principal stress ratio decreases slightly with an increase in axial strain and appears to have a tendencyˆnally to become constant. Rather than stress-strain curves, volumetric strain evolution with axial strain exhibits noticeable variability.
Unsmooth stress strain relations seen in the lower conning stress (s? c ≦20 kPa) may be due to the stick-slip behaviors at the lower conˆning stresses, which is usually accompanied by an abrupt decrement of axial stress.
The eŠect of grain size on the stress strain relationships at similar stress levels was also investigated. Figures 11  through 14 are plots of the stress strain relationships of scoria in various grain sizes at similar stress levels. The following eŠects of grain size on the stress-strain relationships maybe seen from theˆgures as trends of behaviour. Firstly, before the maximum stress ratio, the slope d(s? 1 /s? 3)/de1 at a similar stress ratio level decreases with the decrease in grain size, while the axial strain e1 at the maximum stress ratio is independent of grain size. Secondly, larger grain size gives higher maximum stress ratio at stress-strain relationships and from theseˆgures it can be considered that the maximum stress ratio is strongly dependent on grain size.
Relationships between qd, s? c and Grain Size
The angle of internal friction of scoria, qd, determined by the Eq. (9) at the peak value of stress ratio, is plotted against eŠective conˆning stress for various grain sizes as shown in Fig. 15 .
The results show that the dependency of qd on s? c are considered negligible for the range of s? c ＝10¿80 kPa for all various grain sizes. The dependency is very small if any; these are for larger grain size, say Dmax＝19.00 and 9.50, at stress level of s? c ＝50¿80 kPa. It may be due to grain breakage of scoria particles, where larger grain size of scoria particles exhibit higher crushability than smaller ones.
To show the eŠect of grain size on the angle of internal friction in these specimens, the curve of Fig. 15 are crossplotted in Fig. 16 to show the angle of internal friction angle as a function of the maximum grain size of each specimen. These curves show that the angle of internal friction increases as the maximum grain size increases. The angle of internal friction of samples with a maximum grain size of 19.5 mm were in general 4 to 5 degrees more than those of the samples with a maximum grain size of 2 mm, about 2.5 to 3.5 degrees more than those of the samples with 4.75 mm maximum grain size, and 1.7 to 2.8 degrees more than those of the samples with 9.5 mm maximum grain size.
The same tendency is also seen in Takase dam material investigation results (JGS, 1986) for well graded particle distribution samples. The increase in maximum grain size was followed by the increase in angle of internal friction. However, the opposite tendency is seen from samples with geometrically similar particle distribution. While scattering of the data lower than 40 mm of maximum grain size are seen, the curves show the angle of internal friction decreases as the maximum grain size increases. These tendencies are directly related to uniformity of particles, maximum grain size and particle breakage. It is well known that uniform particle size distribution samples exhibit more crushing than well graded samples having the same maximum size. This may be due to particles interlocking with well graded samples that is higher than uniform graded samples make well graded samples more resistant to failure or crush compared to samples having uniform graded particles distribution. And uniform granular material composed of large particles crush more readily than one composed of smaller particles of the same material. Previous researchers have also focused on investigating the eŠects of maximum grain size on the shear strength behavior. Marachi et al. (1969) have investigated the strength of Pyramid Dam material by testing a series of samples with geometrically similar particle size distributions in triaxial compression. For modeled specimens of the Pyramid Dam material, the results indicated that the angle of internal friction is aŠected by the size of particles in test specimens. They found that the angle of internal friction decreases as the maximum grain size increases. And this trend seemed to be unaŠected by the conˆning pressure or the material type. Nakata et al. (2001) concluded that in the case of the well graded sand, the number of particle contact for large particles is very high while the opposite is true for the smaller particles. In this case the tensile splitting stress for the large particles is relatively low while that of the small particles with a low particle contact is much higher. Even though larger particles are statistically weaker, their probability of survival in the matrix is much higher because their coordination number is much higher. Large strain soil behavior involves particle rotation and contact slippage.
Naturally the larger grain size of scoria used in this study has a larger angularity of particles; as a result, larger grain size particle has a higher possibility in the breaking of its asperities, when a loading is applied on it. It can be considered that higher degree of crushability for larger grain size of the scoria in this study is the result of an increase in the breaking of its asperities and surface grinding, rather than particles splitting. At low density condition, the interparticle coordination is low, shear deformation causes particle rotation and chain buckling, and the packing gradually densiˆes. However, rotation is foiled in dense states with high interparticle coordination; therefore, energy applied during shear loading is consumed either in dilation or in frictional slippage at contacts. Within this particle-level mechanical framework, angularity and roughness may add di‹culty to particle rotation, enhance dilatancy and the evolution of anisotropy.
Stress-dilatancy Relationships
Rowe (1969) proposed a stress-dilatancy theory for the shearing of a granular aggregate accounting for interlocking on what would have been a preferred plane of sliding. At low stress ratios, particles rearrange themselves in an organized manner attaining a denser packing. From that stage, particles can move no more except by overriding one of their neighbouring particles at a microscope level, the aggregate tends to dilate. Rowe relates principal stress ratio s? 1/s? 3 to the rate of dilatancy dev/dea as shown in Eq. (5). t between stress ratio and dilatancy, directly derived from this plot. It may be seen that the dependency of the stress-dilatancy relation on s? c is found from thisˆgure. While the data are not presented here, similar trends were seen for other series examined. Figure 17(b) is the plot of K-s? c relationships of all series at various grain sizes. While scattering of the data is not small, the results show that dependency of K on Dmax are seen for Dmax＝2¿9.5 mm. The results showing the eŠects of maximum grain size Dmax on dilatancy rate K are somewhat inconclusive. Although the general trend of the results seems to indicate that the value of K increases as the maximum particle size increases as shown in Fig. 17(c) .
The data points of stress dilatancy relations at peak stress condition of scoria in triaxial test of all series are shown in Fig. 18 . It is indicated in Fig. 18 that the trend data points of scoria in this study is similar with the trend of scoria by Kusakabe et al. (1991) at stress level 19.6¿4704 kPa, as well as Toyoura sand by Fukushima and Tatsuoka (1984) at low stress level. The results show clearly that the stress dilatancy relation at maximum stress ratio Rmax of scoria in triaxial compression is dependent on eŠective conˆning stress s? c. The results show clearly that the stress dilatancy relation at maximum stress ratio Rmax of scoria in triaxial compression is aŠect-ed by eŠective conˆning stress s? c. Scattering of the data is seen from theˆgure, especially for 80 kPa of stress level. However, it can be considered that the slope of the linear t between Rmax and D is large for the larger value of s? c.
Deformation Characteristics
It may be seen from Figs. 7 through 10, that the volumetric strain-axial strain curves show diŠerences at diŠer-ent conˆning stress. At higher stresses this diŠerence increase with the increase in conˆning pressure. Figures Fig. 16 . The dependency of internal friction angle qd on grain size at stress level of 10¿80 kPa of scoria compared to Takase dam material The results show clearly that larger s? c gives larger value of ev, which means the larger the s? c applied, the smaller the volume change of scoria sample is. Larger grain size exhibits more deformable than smaller grain size consistently, both for ev at ea＝ 2z and ev at maximum, while smaller grain size display a noticeable variability of volumetric strain. The initial Young's modulus was determined for all tests as the slope of the best linearˆt in a least squares method for data points obtained from q-ea (locally measured axial strain by LDT) relations for axial strain was smaller by up to 0.01z (see Fig. 20(a) ). A linearˆt was performed in a least squares method between E0 and s? c. The dependency of initial Young' modulus E 0 on eŠective conˆning stress s? c for each series of tests performed, is shown by Fig. 20(b) . While some scatters appear on the data, it can be considered that the relationship of E0 and s? c are aŠected by grain size.
Evaluation of Scoria Grain Breakage
The grain size distribution has been evaluated before and after triaxial compression tests by traditional techniques. Measurements have been conducted on three samples of average mass of each specimen. The results show that the grain size distribution is noticeably aŠected by triaxial testing. Curves in Fig. 21 show the diŠerence in grain size distribution before and after the tests. It is concluded that the scoria particles exhibit plastic deformation or crushing at particle contacts during triaxial compression test.
The degree of crushability was analyzed by using Marsal grain breakage calculation method (1973). Principally, grain breakage Bg is obtained by calculating the diŠer-ence between percentage of the total sample contained in each grain size fraction before and after the test. Graphically, the calculation is explained by Fig. 22(a) . The total sum of the diŠerences DWk must be zero. Then, grain breakage Bg is equal to the sum of the positive DWk, and expressed in percent.
Figure 22(b) shows the dependencies of grain breakage on stress level, while the increase of crushing degree with the increase of grain size can also be seen from theˆgure. It may be seen from Fig. 22 (b) that grain breakage Bg at 10-20 kPa of stress level does not change so much, all other things being equal. In contrast, the change of Bg is found to be very clear at s? c higher than 20 kPa. The eŠect of grain size upon Bg-s? c relationships can be observed from thisˆgure. The diŠerence of Bg between the smaller grain size and the larger grain size which increase with the increase in s? c, is also remarkable. It is well known that the degree of crushing is directly related to the particle strength. For the same materials, the granular material composed of large particles with a high angularity crushes more readily than one composed of smaller particles, because of stress concentrations at their angularities, as shown by scoria in this study.
CONCLUSIONS
The strength and deformation characteristics of scoria have been studied in triaxial compression. While the presented data is limited, this experimental study has helped to explain the behaviour of dry scoria aggregates sheared at low conˆning stress (10 to 80 kPa) in drained conditions. The results show that there is no striking diŠerence in shear strength behaviour from that reported for sand. The eŠects of maximum grain size on shear strength behaviour and on grain breakage has been evaluated. While stress level (10 to 80 kPa,) is not aŠecting that much the shear strength behaviour of scoria, maximum grain size and gradation should be taken into account in evaluating the shear strength behaviour of scoria. The results are also conˆrmed by comparing scoria to 
